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A Deceptively Simple Question

@ Where does stuff come from?
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What sets the relative abundances of elements?

o Observations of the sun one major way to measure abundances
(but there are many others).

is e This is on a log scale!

rel. abun.

atomic mass

Image credit: NASA/APOD, Wikipedia
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The Many Sources of the Elements in Our Universe

Dying Exploding Human synthesis
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The Many Sources of the Elements in Our Universe
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The Many Sources of the Elements in Our Universe
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The r-process
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Nucleosynthesis in SN1987A
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The Rare-Earth Peak and Metal-Poor Stars

@ Spectra from many stars
available.

@ Stars with not too many heavy
elements show an interesting,
repeatable pattern, which
shows up in our sun too!

Relative log €

e Another source (beyond SN)

% s 70 80 needed!
Atomic Number

30 40

J. J. Cowan

CRLC 8/35
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Striking Cosmic Gold With Neutron Star Mergers

Ashley Mackenzie for Quanta Magazine, March 23, 2017
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Observations Galore!
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Neutron Star Mergers: A 24+ Component Model

n-poor

disk wind
~107*M;,

~ GW170817
Viewing angle
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Tidal Ejecta
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~ 2M;

Black Hole

Co-design summer school, 2016
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The Kilonova

M2H/UC Santa Cruz and Carnegie Observatories/Ryan Foley
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Lets Focus on the Disk
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Enter the Neutrino

Fermilab
R 4
CERN/Gargamelle
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Neutrinos are required for nuclear reactions
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Neutrino Transport Matters!

JMM, B. R. Ryan, J. C. Dolence. ApJS 241 30 (2019)
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How Much Does Transport Matter?

< stay tuned

< abs. matters

< emiss. doms.

TL1 —
0 101 109 M(Mg)/s)

no ignition

J. Miller (LANL) Fusion in Space CRLC 19/35



How Much Does Transport Matter?

< stay tuned

TL1 —
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no ignition
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How Much Does Transport Matter?

71 —7
0 10~ 109 Ar(Mg)/s)

no ignition
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Ingredients In Kilonova Disk Modeling

o General relativity
e Rotating black hole spacetime

Plasma physics
e Ideal magnetohydrodynamics

Nuclear physics
e Hot gas treated as being in nuclear-statistical equilibrium via
equation of state
e Cooling outflow treated in postprocessing via nuclear reaction
networks
e Radiation physics
e Material is opaque to photons, can be incorporated in plasma
physics
e Material not opaque to neutrinos.
e Neutrinos can change the composition of the material by converting
neutrons to protons and vice versa.

J. Miller (LANL) Fusion in S 20 /35



Ingredients in Kilonova Disk Modeling

e Mass conservation:
& (V=gpout) + & (V—gpou) = 0
Momentum and Internal Energy Conservation:
0, [V=3 (', + pou'dL)] 44 [V (T, + pou'dL)] = V=5 (TAT, + G)
Magnetic Fields
O (V=9B") = 0; [V—g (Vv — b)) =0

o Composition

8t (\/ _ngYeut) + az (\/ _ngYeui) =V _gGye

Neutrino Transport

2 h?’IE,f _ h2776’f _ (@(e,f) h?’IE’f
d\ €3 €2 h e )
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Presenting vbhlight! github.com/lanl/nubhlight

core minor formatting fix 7 months ago
[ Readme
data add pretty picture to readme 10 months ago
& View license
prob oops 2 days ago
script Update capulin.py 7 days ago
Releases
test fix tests to not call python explicitly and instead call the currentl... 7 months ago
No releases published
[ .clang-format added hidden files 10 months ago Create a new release
[ gitignore added hidden files 10 months ago
O .gitlab-ciyml added hidden files 10 months ago Packages
0 travisyml final changes to travis 10 months ago No packages published
Publish your first package
[ LICENSE newline at bottom of license 10 months ago
[ README.md Update README.md 10 months ago .
Contributors 4
[ VERSION first commit 10 months ago
. jonahm-LANL Jonah Miller
O eidrmd Update eidr.md 8 months ago
@ Yurlungur Jonah Miller
README.md Y 0 soumide1102 Soumi De

="% kinehb Brooks Kinch

nubhlight: General Relativistic Neutrino Radiation
Magnetohydrodynamics with Monte Carlo Transport

Languages

inh=1( Aem = Asbs inh=1( Aem=Ass |
<5'nh10(2x1017m5)">fv¢ <5|nh10(2anms)v>z, ® C518% ® Python 43.3%

0
-1.5 0.0 1.5 -1.5 0.0 1.5 ® Fortran 38% Other 1.1%
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github.com/lanl/nubhlight

The August 2017 Disk (M
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Neutrino Transport (Miller et al., 2019)

Z/Mpgy
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Traced Mass per
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Traced Mass per
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Collapsars: Failed Supernovae

@ Accretion times t ~ 10s
e M between

o 1074M@/S Stellar
) envelope
o 10~ M@/S
o p~ 10 g/cm?
log,q M. Circularizing
material
>
logy, ¢ Black Hole Di
~ @ DI

Siegel, Barnes, Metzger. Nature 241 (2019)
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Neutrinos matter differently for collapsars!
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Building a Collapsar Disk

100

75

50

25

z/M
o

=25

-50

=75

—-100

—100

-50

50

100

75

50

25

50

100




Building a Collapsar Disk




Outflow Properti
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Electron Fraction and Nucleosynthesis

190° — 6| (degrees)
w

- N w & O

Traced Mass(Mo/105)

o

midplane

main r-process

J. Miller

Yelsox
(LANL)

1073

1074

1073

1076

Relative Abundance

1077

10°8

- disk wind
¢ solar

0
e
s

50 75

100

125 150 175 200
Atomic Mass A

Miller et al., ApJ 902, 66 (2020)

Fusion in Space




Limits of the Setup
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Lots of fun science!
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Conclusions

@ The heaviest elements in the
universe produced in some crazy
cool systems!

@ Need GRRMHD and neutrino
transport!
e NS Mergers:

o Likely source of heavy elements in
our universe

e Disks can produce blue component
of kilonova

e Large diversity in outflows and disk
physics

e Angular structure in the outflow is
generic.

e Set by balance between MHD
turbulence and neutrino physics
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Accretion Rates
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Accretion Rates
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Presenting vbhlight!

o General relativistic radiation magnetohydrodynamics for kilonova
disks
o Magnetized gas via finite volume methods

Standard second-order Gudonov scheme

Cell-centered constrained transport for magnetic fields
WENOS5 reconstruction

Local Lax-Friedrichs Riemann solver

@ Neutrinos via Monte Carlo methods

e Explicit integration along geodesics
e Probabilistic emissivity, absorption, and scattering
e Novel biasing scheme ensures all processes well-sampled

o Coupled via operator splitting
e Built on top of HARM, grmonty, and bhlight.
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Turbulence and Y,

Ye < Yot

v’s slowly 1 Ye

Y, small near equator

YS9 ~ 0.1
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Y, is set by the balance of Turbulence and Neutrinos!

0g10(T+/T-) l0910(T +/Ta)
-0.2 0.0 0.2 -1 0 1

Miller et al., ApJ 902, 66 (2020)
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Y, is set by the balance of Turbulence and Neutrinos!

Ye(z/H) = (min(Ye))

trc

+(

dYe
dt t,trc

g1.0
o
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0.0'_ —a
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Miller et al., ApJ 902, 66 (2020)
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How Important is Absorption?

e With no absorption:

Traced Mass (Mo)
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e Opacity suppresses change in
Ye
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